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GLOSSARY. 
 
Cytokinesis: the process by which the genomic material and the 
cytoplasm of the mother cell is partitioned into two daughters at 
the end of cell division. 
 
Central spindle: central spindle (CS), an array of antiparallel, 
interdigitating microtubule (MT) bundles that lies between the two 
sets of chromosomes during anaphase and telophase. 
 
Contractile ring: in animal cells, a contractile ring composed of 
F-actin filaments and active Myosin II assembled just beneath the 
plasma membrane around the cell equator generates the 
constricting force that separates the cell into two. 
 
Rab proteins: they represent the largest branch of the Ras 
GTPase superfamily. Rabs use the guanine nucleotide-dependent 
switch mechanism common to the superfamily to regulate each of 
the four majors steps in membrane traffic: vesicle budding, vesicle 
delivery, vesicle tethering, and fusion of the vesicle membrane 
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ABSTRACT. 
 
Studies in a variety of organisms indicate that membrane traffic to 
the cleavage furrow is an essential facet of cytokinesis involving 
components of the secretory and endocytic/recycling trafficking 
pathways, as well as the membrane fusion machinery.  
My PhD project focused around the characterization of two genes 
required for cleavage furrow formation and ingression in male 
meiotic cells namely sauron and Cog7 which encode the 
Drosophila orthologues of two known players of membrane 
trafficking pathways. 
Sauron is the Drosophila orthologue of Golgi phosphoprotein 3 
(GOLPH3) which has recently been recognized as a potent 
oncogene amplified in many human cancers. Studies in both yeast 
and mammalian cells have implicated this protein in several 
vesicle trafficking events.  
I show that Sau/dGOLPH3 is required during the early steps of 
spermatocyte cytokinesis playing an essential role in both 
contractile ring assembly and vesicle trafficking during furrow 
ingression. Consistently my work suggests that Sau/dGOLPH3 
might interact with components of both the contractile apparatus 
and the membrane trafficking machinery in male germ cells.  
The conserved oligomeric Golgi (COG) Complex plays essential 
roles for Golgi function, vesicle trafficking and glycosylation. 
Mutations in the genes encoding human COG1, COG4-COG8 
have been associated with congenital disorders of glycosylation 
(CDG).  Deletions of human COG7 are associated with a rare 
multisystemic congenital disorder of glycosylation causing 
mortality within the first year of life. I show that, similar to 
Drosophila Cog5, Cog7 controls furrow ingression during 
cytokinesis. Importantly, Cog7 is required to localize the small 
GTPase Rab11 and the phosphatidylinositol transfer protein (PITP) 
Giotto (Gio) to the cleavage site of spermatocytes. In addition Gio 
coimmunoprecipitates with both Cog7 and Rab11 in Drosophila 
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INTRODUCTION 
 
1.1   Cytokinesis in animal cells 
 
Cytokinesis partitions the genomic material and the cytoplasm of 
the mother cell into two daughters at the end of cell division 
(reviewed in Green et al., 2012). Besides being fundamental for 
normal development this process is also required for maintaining 
ploidy in adult tissues. Failures in cytokinesis lead to the 
formation of genetically unstable tetraploid cells with multiple 
centrosomes, whose mitotic division results in aneuploid cells that 
promote carcinogenesis (Boveri, 1929; Nigg, 2002, Fujiwara et 
al., 2005, Caldwell et al., 2007 Barr and Gruneberg, 2007). Thus, 
the identification of novel cytokinesis genes and an elucidation of 
the molecular mechanisms of the process can contribute to both 
cancer diagnosis and therapy. 
In animal cells, a contractile ring composed of F-actin 
filaments and active Myosin II assembled just beneath the plasma 
membrane around the cell equator (Miller, 2011) generates the 
constricting force that separates the cell into two (Figure 1). 
Constriction of the actomyosin ring draws in the plasma 
membrane and leads to the formation of a cleavage furrow that 
invaginates until the two daughter cells remain connected by a 
thin cytoplasmic bridge. During the last step of cytokinesis, the 
intercellular bridge is ultimately severed during abscission, 
resulting in the complete separation of daughter cells (Schweitzer, 
2004; Glotzer, 2005). 
 The pioneering studies of Ray Rappaport (1961) indicated 
for the first time the key role of anaphase spindle microtubules in 
establishing the cleavage site in animal cells. Anaphase mitotic 
spindles are largely comprised of astral microtubules, which 
emanate radially from the two separated centrosomes toward the 
poles of the cell, and the central spindle (CS), an array of 
antiparallel, interdigitating microtubule (MT) bundles that lies 
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between the two sets of chromosomes (Glotzer, 2009).  Central 
spindle assembly is regulated by the coordinated action of kinesin 
motor proteins, microtubule associated proteins (MAPs) and 
protein kinases (Glotzer, 2009). The cleavage furrow forms in a 
position that bisects the axis of chromosome segregation, thus 
ensuring that each daughter cell receives a single copy of the 
genome (Glotzer; 2009).  While CS microtubules send stimulatory 
signals to the cell equator for contractile ring assembly, astral 
microtubules are thought to send inhibitory signal(s) that prevent 
the localization of contractile ring proteins at the poles of the cell 
(Bringman and Hyman, 2005; Dechant and Glotzer, 2003; 
Lewellyn et al., 2010).  
A crucial signaling event that sets up the site of cleavage 
furrow formation for cytokinesis is the accumulation of active 
Rho GTPase at an equatorial position at the cortex.  This localized 
active Rho GTPase controls both profilin-mediated nucleation of 
F-actin assembly at the plasma membrane and Myosin II 
activation (Figure 2; reviewed D’Avino et al., 2005; Piekny et al., 
2005).  The central spindle transmits the spatial information 
required for cleavage furrow formation by delivering regulators of 
Rho to the equatorial cortex (reviewed in D’Avino et al., 2005; 
Glotzer, 2009).  During cytokinesis, the balance between the 
active state (GTP-bound) and inactive state (GDP-bound) of Rho 
is regulated by the GEF ECT2/Pebble and the GAP 
MgcRacGAP/RacGAP50C (Piekny et al, 2005). 
MgcRacGAP/RacGAP50C interacts with the kinesin 
MKLP1/Pavarotti to form the centralspindlin complex, an 
evolutionary conserved heterotetramer required for central spindle 
assembly.  Compelling data have led to the proposal that Rho 
GEF ECT2/ Pebble in turn associates with the 
MgcRacGAP/RacGAP50C component of centralspindlin to form 
a ternary complex that transduces spatial localization of 
centralspindlin to the plus ends of CS microtubules to local 
activation of Rho at the overlying cell cortex (Somers and Saint, 
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2003; Kamijo et al., 2006; Nishimura and Yonemura, 2006; Yuce 
et al., 2005; Zhao and Fang, 2005; Piekny et al., 2005).  
Successful cytokinesis also requires a network of 
cytoskeletal scaffolding proteins that serve to anchor the 
actomyosin ring to the plasma membrane.  Key among these are 
the Septins, GTP-binding proteins that polymerize into hetero-
oligomeric complexes to form a membrane-associated filament 
system (Mostowy and Cossart, 2012).  Recruitment of the Septins 
to the contractile ring is mediated by another scaffolding protein, 
Anillin, which was shown to bind F-Actin, Myosin II, Rho, and 
MgcRacGAP/RacGAP50C (reviewed in D’Avino et al., 2009).  
Anillin may thus provide an essential bridge function that helps 
stabilize attachment of the plasma membrane to the contractile 
apparatus under the forces of cleavage furrow constriction.  
In addition to the force generated by constriction of the 
actomyosin contractile ring at the cell equator, successful cleavage 
furrow ingression may also require an increase in surface area of 
the plasma membrane to encapsulate each daughter cell into a 
separate membrane compartment. Indeed, recent studies have 
demonstrated that targeted vesicle transport plays an important 
role during cleavage furrow ingression, as well as in the later 
events of abscission (McKay and Burgess, 2011; Neto et al., 
2011).  Also, several studies point to the importance of plasma 
membrane lipid composition  in cytokinesis.  Indeed, special lipid 
composition at the cleavage site can facilitate cell shape changes 
during furrow ingression, regulate new membrane addition, and 
provide a platform for signaling pathways controlling cytokinesis 
(reviewed in Neto et al., 2011). 
Cytokinesis is an intricate process that requires the activity 
of not less than one hundred proteins (Eggert et al., 2006; Barr and 
Gruneberg, 2007; Pollard, 2010). Progress in the identification of 
cytokinesis proteins has been hampered by difficulties in applying 
biochemical strategies that have been particularly successful in 
other studies. A major limitation in proteomic analysis of 
cytokinesis has been the isolation of the transient structures 
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involved in this process that assemble and disassemble during a 
limited cell cycle window. Skop and co-workers isolated mid-
bodies from Chinese hamster ovary cells (CHO) and analyzed the 
proteins enriched in these structures by tandem liquid 
chromatography and mass spectrometry (Skop, 2004). However 
mid-bodies characterize only very late stages of cytokinesis. A 
fruitful approach, that allowed to identify several molecular 
players, consists of the genetic dissection of this process in 
suitable model organisms such as Drosophila melanogaster 
(Giansanti et al., 2012; Giansanti and Fuller, 2012). 
1.2   Drosophila spermatocytes as a system for study of 
cytokinesis. 
Drosophila male meiosis offers a well-suited cell system 
for investigating cytokinesis. Spermatocytes are large cells 
particularly suitable for immunocytological and in vivo analysis of 
the cytokinetic structures. In addition mutants that affect male 
meiotic cytokinesis can be easily identified by a simple screen of 
unfixed tissue (see below).  
In D. melanogaster, spermatogenesis starts with the asymmetric 
mitotic division of a germ-line stem cell that generates another 
stem cell and a spermatogonial cell.  The primary 
spermatogonium undergoes four gonial mitotic divisions giving 
rise to 16 primary spermatocytes (Figure 3A). Before entering 
meiosis, each spermatocyte undergoes an impressive growth 
phase, lasting approximately 90 hours, leading to in a 25-fold 
increase in volume.  As a result, by the onset of the first meiotic 
division, spermatocytes are considerably larger than most somatic 
cells.  The 16 spermatocytes in the cyst then synchronously 
embark in quick succession of two meiotic divisions, producing a 
cyst of 64 haploid round spermatids (Figure 3B). During both the 
gonial mitoses and the spermatocyte meiotic divisions, cytokinesis 
is incomplete. Cleavage furrows constrict but abscission does not 
take place and daughter cells remain interconnected by 
cytoplasmic intercellular bridges called ring canals (Lindsley, 
1980; Fuller, 1993; Skop, 2004).   Other than this developmentally 
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programmed lack of abscission, the molecular mechanisms of 
cleavage furrow formation and ingression are largely conserved in 
spermatocytes compared with other animal cells ( Giansanti et al. 
2012 ). 
During male meiotic divisions, the nuclear envelope does 
not disassemble by metaphase, but becomes fenestrated near the 
spindle poles. A small number of microtubules penetrate these 
fenestrations to contact the kinetochores, while the bulk of the 
metaphase spindle remains outside the nuclear envelope (Tates, 
1971; Church and Lin, 1982).  At metaphase I, spermatocyte 
nuclei become spindle shaped and maintain a double-membrane 
that encircles the meiotic chromosomes during meiosis in addition 
5 to 7 double membranes named parafusorial membranes (Tates, 
1971; Church and Lin, 1982). During each meiotic division 
mitochondria line up along the parafusorial membranes; this 
arrangement ensures the equal partitioning of mitochondria 
between the two daughter cells at the end of cytokinesis.  The 
nuclear envelopes eventually break down in anaphase and new 
nuclear envelopes form around the separated daughter nuclei in 
telophase.  After the second meiotic division, the mitochondria in 
each early round spermatid fuse to form a complex interlaced 
structure named the nebenkern (Fuller, 1993; Figure 4). When 
viewed by phase-contrast optics, wild type early round spermatids 
contain a phase-dark nebenkern and a single phase-light haploid 
nucleus (Figure 4A), and all the 64 interconnected spermatids 
within a cyst have the same size nebenkern and the same sized 
nucleus. This characteristic arrangement of nuclei and nebenkerne 
in spermatid cysts allows easy scoring of mutants defective in 
meiotic cytokinesis. Cytokinesis failures during one or both 
meiotic divisions disrupt partitioning of mitochondria between 
daughter cells resulting in spermatids containing respectively 2 or 
4 nuclei associated with an enlarged nebenkern (Figure 4B). 
Thus, the presence of multinucleate spermatids is diagnostic of 
defects in cytokinesis in the meiotic divisions (Fuller, 1993). In 
addition, since the volume of each nucleus in the onion-stage 
Stefano Sechi 
Pag 14  
spermatids is proportional to its chromatin content, variations in 
nuclear size reflect defects in chromosome segregation during 
meiosis (Fuller, 1993).  Mutants affecting both chromosome 
segregation and cytokinesis exhibit onion-stage spermatids 
containing large nebenkern associated with multiple nuclei of 
different size. 
In this context, one peculiarity of male meiotic cells that is 
particularly advantageous when studying cytokinesis, is the lack 
of a robust spindle assembly checkpoint (Rebollo and Gonzalez, 
2000).  The spindle assembly checkpoint (SAC) signaling 
pathway normally monitors kinetochore attachment to spindle 
microtubules (Musacchio and Salmon, 2007).  In somatic cells, 
SAC blocks cells in metaphase in the presence of unattached 
chromosomes or malformed spindles. In spermatocytes, in 
contrast such abnormalities only cause a small delay in both 
anaphase onset and meiotic progression (Rebollo, 2000; 
Wakefield, 2001; Riparbelli, 2002). This particular characteristic 
of spermatocytes offers the advantage to investigate whether gene 
products required for chromosome segregation play also functions 
during later stages of cell divisions that are masked in somatic 
cells by the strong SAC of these cells (Wakefield et al., 2000; 
Giansanti and Fuller, 2012). 
1.3   Central spindle assembly and cleavage furrow formation 
in Drosophila spermatocytes 
Since the studies of Ray Rappaport (Rappaport, 1961) it was clear 
the importance of  mitotic spindle for signaling cleavage furrow 
formation. Mutational analysis in Drosophila was useful to dissect 
the role of different spindle components in signaling cytokinesis 
(Table 1; reviewed in Giansanti et al., 2012). Mutant 
spermatocytes devoid of astral microtubules assemble regular 
contractile rings and successfully complete cytokinesis 
(Bonaccorsi et al., 1998; Giansanti et al., 2008; Bucciarelli et al., 
2003). Similarly secondary spermatocytes devoid of chromosomes 
as a consequence of mutations that perturb chromosome 
segregation during the first meiotic division, assemble regular 
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central spindles and contractile rings and undergo cytokinesis 
even in the absence of chromosomes. However mutations that 
perturb central spindle assembly invariably result in defects in F-
actin ring assembly and cause early cytokinesis failure indicating 
that central spindle microtubules are the only spindle components 
that are strictly required for signaling cytokinesis. (Giansanti et al, 
1999; Giansanti et al., 2004).   
Major central spindle components include MAPs, plus-end 
directed kinesins, and the chromosomal passenger complex. 
Among the MAPs, the ortholog of the highly conserved Protein 
Regulating Cytokinesis I (PRC1) Fascetto (Feo) is one of the first 
markers that localizes to the overlap central region of the anaphase 
central spindle in spermatocytes (Figure 5; Vernì et al, 2004; 
Szafer-Glusman et al., 2011). The effects of feo mutations in 
spermatocyte cytokinesis  have not been studied.  However, loss 
of Feo leads to cytokinesis defects and affects central spindle 
organization in both larval neuroblasts and S2 cells (Vernì et al., 
2004) 
As revealed by time lapse video microscopy, two different 
populations of MTs comprise central spindles of Drosophila 
spermatocytes (Figure 5; Inoue et al., 2004). The so called 
“peripheral” astral microtubules contact the cortex at the future 
cleavage site and bundle together to promote furrow ingression. A 
distinct set of microtubule bundles named “interior” MTs, 
confined inside the nuclear envelope, merges with peripheral 
astral microtubules to complete furrow ingression and cytokinesis 
(Figure 5). The microtubule plus-end binding protein Orbit 
localizes to the central spindle midzone but, in contrast to Feo, it 
associates with the subset of microtubule bundles that comprise 
the “interior central spindle” (Inoue et al., 2004). Mutations in the 
gene encoding the microtubule-associated protein Orbit 
specifically disrupt the interior central spindle bundles but do not 
affect the peripheral astral microtubules that can promote initial 
furrow ingression. The interior central spindle microtubules are 
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essential for cytokinesis progression, as cleavage furrows are 
unstable and rapidly regress in orbit mutant spermatocytes. 
Plus-end directed microtubule motor proteins of the 
kinesin family are also structural components of the spermatocyte 
central spindle. Two conserved plus-end directed, microtubule 
kinesins play essential roles in central spindle assembly, the 
kinesin 6 family member MKLP1/Pavarotti (Pav) and the 
chromokinesin KIF4/ KLP3A (for reviews see D’Avino, 2005; 
Douglas, 2010). The plus-end directed motor of MKLP1 can 
cross-link microtubules and promote sliding of one microtubule 
over another (Nislow, 1992). Thus, the activity of this kinesin is 
essential to mediate interactions between overlapping microbule 
bundles during central spindle formation. Consistent with this 
function, the ortholog of MKLP1, Pavarotti (Pav), accumulates at 
the central spindle midzone where the microtubule plus-ends 
overlap during anaphase of Drosophila spermatocytes (Figure 5; 
Carmena, 1998). The Drosophila ortholog of KIF4, KLP3A is 
also concentrated at central spindle mid-zone and is required for 
central spindle assembly in spermatocytes (Williams, 1995). The 
involvement of KIF4 and KLP3A in central spindle formation 
could be due to their ability to form a complex with the 
microtubule bundling protein PRC1/Feo (Kurasawa, 2004; 
D’Avino, 2007). Centralspindlin, composed of two molecules of 
the kinesin family member Pav and two molecules of the Rho 
family GAP RacGAP50C plays a key role in activation of RhoA 
(named Rho1 in Drosophila). 
 In Drosophila, as in all animal cells, contractile ring 
assembly and furrowing are orchestrated by the small GTPase 
Rho1 (the Drosophila homolog of RhoA) at the cortex. Cycling 
between the GDP-bound inactive form and the GTP-bound active 
form of Rho1 depends on the activity of guanine nucleotide 
exchange factors (GEFs) and GTPase activating proteins (GAPs) 
(Figure 5). Centralspindlin translocates to the plus ends of 
equatorial and central spindle microtubules through the activity of 
its motor component. Based on studies in Drosophila and 
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mammalian cells, it has been proposed that the association 
between the centralspindlin component RacGAP and 
RhoGEF/Pebble leads to local activation of RhoA/Rho1 at the 
cleavage site (Somers, 2003; Piekny, 2005; Chalamalasetty, 2006; 
Nishimura, 2006). 
Regulation of centralspindlin activity and recruitment of 
ECT2/Pebble involve the activities of multifunctional 
serine/threonine kinases Aurora B kinase and Polo-like kinase 1 
(Plk1).  Aurora B mediated phosphorylation of MKLP1/Pavarotti 
is critical for central spindlin formation (Guse et al., 2005; Neef et 
al., 2006; Douglas et al., 2010), while targeting of the RhoGEF 
ECT2/Pebble to the cortex depends at least in part on 
phosphorylation of MgRacGAP/RacGAP50 by Polo kinase 
(Figure 5; Brennan et al., 2007; Santamaria et al, 2007; Burkard 
et al., 2009; Wolfe et al., 2009).  
 Polo and Aurora B serine/threonine kinases also regulate 
early events of cell division such as chromosome condensation, 
spindle formation and chromosome segregation (for reviews see 
Barr et al., 2004; Van der Waal et al., 2012).  Thus, in  most cell 
types loss of Polo or Aurora B is associated with an early mitotic 
arrest caused by activation of the spindle checkpoint. The lax 
checkpoint control of Drosophila male meiosis, has enabled 
analysis of the functional roles of the Polo and Aurora B kinases 
during cytokinesis. In Drosophila spermatocytes at anaphase, Polo 
kinase, just like Aurora B, is enriched at the spindle midzone and 
enables Pav localization, central spindle formation and F actin 
ring assembly (D’Avino, 2005). Drosophila male mutants 
carrying a hypomorphic polo allele are viable and progress though 
male meiosis, allowing investigation of the function of Polo in 
cytokinesis (Carmena et al., 1998).  During anaphase, Polo 
accumulates at the spindle midzone and is required for proper 
localization of Pav and for formation of both the CS and F-actin 
ring (Carmena et al., 1998; Herrmann et al., 1998).  
Aurora B is the enzymatic subunit of the Chromosomal 
passenger Complex (CPC) that contains three additional CPC 
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subunits, Inner Centromere Protein, Survivin, and Borealin,  
localize and activate the kinase (Ruchaud et al., 2007; van der 
Waal et al., 2012). The CPC plays several essential roles during 
mitosis and meiosis showing a dynamic, cell cycle dependent 
localization. During interphase, it associates with chromatin and 
regulates chromosome condensation, then it concentrates at the 
inner centromeres from prometaphase until anaphase onset and 
monitors the kinetochore attachment to spindle microtubules. In 
anaphase, the CPC transfers to the spindle midzone and equatorial 
cortex (Adams et al., 2000; Vagnarelli and Earnshaw, 2004; Vader 
et al., 2006; Szafer-Glusman et al., 2011; Van der Waal et al., 
2012).   The D. melanogaster genome encodes two Borealin 
paralogs, Borealin-related (Borr) and Australin (Aust; Gao et al., 
2008): the latter replaces Borr in male meiosis. Dividing 
spermatocytes from males carrying either an hypomorphic allele 
of dmINCENP or a null allele of australin (aust) display a similar 
phenotype: early cytokinesis arrest with defective central spindles 
and failure to recruit Pav to the cell equator (Resnick et al., 2006; 
Gao et al.., 2008; Szafer-Glusman et al., 2011), suggesting a role 
for the CPC in activation and/or localization of the centralspindlin 
complex.  
 The strict interdependence of the four CPC subunits 
(Ruchaud et al., 2007) has complicated the analysis of the function 
of each single component; indeed, in human cells knockdown of 
each CPC protein impaired the localization and function of the 
whole complex (Adams et al., 2001; Carvalho et al., 2003; Honda 
et al., 2003; Lens et al., 2006; Gassmann et al., 2004).  A recent 
study has elucidated the role of both Drosophila Survivin/Deterin 
and the CPC specifically during anaphase and cytokinesis (Szafer-
Glusman et al, 2011).  scapolo (scpo), is a Dsurvivin/deterin allele, 
containing a missense mutation that substitutes a Serine for the 
wild type Proline at position 86 in the dSurvivin BIR domain. 
Cytological analysis has revealed that scpo is a “separation-of-
function” allele: it allows the recruitment and function of the CPC 
until anaphase onset but impairs its activity in later stages. Just 
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like Survivin is essential for central spindle formation and to 
target the CPC and Pav to the central spindle and equatorial 
cortex. In spermatocytes, Survivin is also essential to localize Polo 
and Rho1 at the equatorial cortex. Based on these results, it has 
been suggested that failure to localize Polo to the cell equator of 
scpo spermatocytes would prevent localization of RhoGEF by the 
centralspindlin complex and impair Rho1 activation and 
actomyosin ring assembly. 
1.4   Scaffolding proteins in the cleavage furrow of Drosophila 
spermatocytes.                                                                   
Rho•GTP activates downstream effectors that lead to actin 
polymerization and Myosin II activation at the equatorial cortex 
(Figure 2; Piekny et al., 2005; Goode and Eck, 2007) Non-muscle 
Myosin II hexamers assemble into filaments in the contractile 
ring. Each Myosin II hexamer consists of a dimer of heavy chains, 
two essential light chains and two regulatory light chains. 
Phosphorylation of the regulatory light chains (rMLC), required 
for activation of Myosin II motor activity and bipolar filament 
assembly provides a key step during cytokinesis as demonstrated 
by the opposite effects of phosphomimetic and non 
phosphorylatable alleles of the Drosophila rMLC Spaghetti 
Squash (Sqh) on cytokinesis (Jordan and Karess, 1997).  
The traditional cytokinesis model proposes that furrow 
ingression is driven by a ring-shaped structure composed of F-
actin and nonmuscle Myosin II. According to this model bipolar 
filaments of Myosin II would use their motor activity to walk 
along antiparallel actin filaments, drawing the F actin strands 
together in a purse-string like fashion like fashion (Schroeder et 
al., 1990; Satterwhite and Pollard, 1992). Because the 
cortex/plasma membrane is attached to the F-actin filaments, 
constriction of the actomyosin ring draws inward the membrane in 
a cleavage furrow just under the cell cortex. However alternative 
models for contractile ring organization and constriction have 
been proposed (Carvalho et al., 2009; Kee et al. 2012; Ma et al., 
2012; reviewed in Green et al., 2012) and recent studies in 
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Dictyostelium and vertebrate cells have led to suggest that Myosin 
II does not translocate actin but is required to cross-link actin 
filaments and to exert tension on actin during cytokinesis (Kee et 
al., 2012; Ma et al., 2012).  
 In addition to Myosin II and F-actin, the contractile ring 
contains a network of cytoskeletal proteins that act as a scaffold at 
the at the cleavage furrow. Scaffolding proteins (for a review see 
D’Avino, 2009) include the GTP-binding Septins and Anillin 
(Table 1). In Drosophila melanogaster five septins have been 
identified so far named Sep1, Sep2, Sep3, Sep4 and Sep5 (Adam 
et al., 2000). In Drosophila spermatocytes Peanut (Sep3), Sep1 
and Sep2 have been localized to contractile rings and in the ring 
canals that remain to connect sister cells after the incomplete 
cytokinesis typical of mitotic spermatogonia and the meiotic 
divisions of spermatocytes (Hime et al., 1996; Giansanti et al., 
2001).  
Originally identified as an actin-binding protein in 
Drosophila embryo extracts (Miller et al., 1989), Anillin is an 
evolutionarily conserved protein. Studies in several systems 
showed that Anillin also binds activated Myosin II and Septins 
which are also filament-forming proteins making it a suitable 
candidate for the proper organization of the actomyosin contractile 
structures (Kinoshita et al., 2002; Straight et al., 2005; D’Avino et 
al., 2008; reviewed in D’Avino et al., 2009). Recent data have also 
indicated that Drosophila Anillin interacts with RacGAP50C 
(D’Avino et al., 2008; Gregory et al., 2008).  It has been suggested 
that Anillin might mediate interactions between central spindle 
microtubules and the equatorial cortex during furrowing  In 
Drosophila spermatocytes Anillin is one of the first markers of 
cleavage furrows starting to concentrate at the cell equator during 
anaphase, before appearance of the F-actin (Figure 5). Consistent 
with this temporal order, analysis of spermatocytes from mutants 
defective in F-actin ring assembly indicated that the initial 
formation of the Anillin cortical band does not depend on the 
presence of an F-actin (Giansanti et al., 1999). The role of Anillin 
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in Drosophila male germ cell development has been recently 
addressed by Goldbach and coauthors (2010). This study 
demonstrated that Anillin is required for the recruitment of Septins 
to the cleavage furrow and for the maintenance of Rho, F-actin 
and Myosin II in the contractile ring during later stages of 
cytokinesis. Based on these data it has been hypothesized that 
Anillin might stabilize the cleavage furrow by linking the 
actomyosin ring to Septin filaments on the furrow membrane 
(Goldbach et al.,  2010). 
1.5   Membrane remodeling and membrane traffic in male 
meiotic cytokinesis. 
During cytokinesis both cleavage furrow ingression and abscission 
depend on targeted membrane addition from internal membrane 
stores involving components two vesicle-trafficking pathways: the 
recycling endosome pathway and the secretory pathway (Prekeris 
and Gould, 2008; McKay and Burgess, 2011; Neto et al., 2011).  
The secretory pathway involves vesicle transport from the 
endoplasmic reticulum (ER) to the Golgi and then to the plasma 
membrane. In the endocytic pathway, plasma membrane-derived 
vesicles proceed through the early endosome and the recycling 
endosome (RE), which directs them back to the plasma membrane 
(Figure 7; Albertson et al., 2005; Prekeris and Gould, 2008; 
McKay and Burgess, 2011; Neto et al., 2011).  
Drosophila male meiosis provides a well suited model system to 
dissect membrane trafficking during cytokinesis. Drosophila 
spermatocytes are quite large cells (more than 20 µm in diameter), 
that complete two meiotic divisions in less than two hours with a 
very short intervening interphase (Fuller, 1993; Giansanti et al., 
2001). In addition these cells lack plasma mebrane protrusions and 
microvilli (Tates, 1971) that might be used as plasma membrane 
reservoir during cytokinesis. These could be the reasons because 
male meiotic cytokinesis is especially dependent on membrane 
trafficking from internal membrane compartments (Giansanti and 
Fuller, 2012). Indeed forward  genetic screens have revealed that 
spermatocyte cytokinesis is particularly sensitive to mutations 
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affecting vesicle traffic components (Brill et al., 2000; Farkas et 
al., 2003; Dyer et al., 2007; Gatt and Glover; 2006; Giansanti et 
al., 2006; Giansanti et al., 2007; Polevoy et al.,  2009; Robinett et 
al., 2009; Xu et al., 2002a; Zhou et al., 2011). 
Several data have implicated secretory trafficking in spermatocyte 
cytokinesis. Cytokinesis of these cells is sensitive to Brefeldin A, 
a fungal metabolite that interferes with anterograde transport from 
the ER to the Golgi (Robinett et al., 2009; Kitazawa et al., 2012). 
In addition mutational analysis has involved in this process the 
intra-Golgi trafficking components Cog5 (Farkas et al, 2003), 
Cog7 (Belloni et al., 2012), the ER-to-Golgi  vesicle docking 
protein Syntaxin 5 (Xu et al., 2002), the Drosophila ortholog of 
the yeast TRAPP II TRS120p subunit Brunelleschi (Bru) 
(Robinett et al., 2009). A recent study has also demonstrated the 
requirement during cytokinesis for proteins that function in the 
retrograde transport from Golgi to ER such as subunits of the 
coatomer protein I (COPI) and the small GTPase Arf1 (Kitazawa 
et al., 2012). 
Endocytic traffic also contributes to male meiotic cytokinesis. The 
small GTPase Rab11, involved in both the secretory and the 
endocytic traffic, is also essential for cytokinesis in Drosophila 
male meiotic cells (Giansanti et al., 2007). In dividing 
spermatocytes, the endosomal GTPase ARF6 colocalizes with  
Rab11 on recycling endosomes and with Rab4  on the early 
endosomes. ARF6 is not required to recruit  Rab11 and Rab4 to 
the spindle midzone. However ARF6 is required to boost the 
recycling rate required for fast cleavage furrow ingression. ARF6 
physically interacts with the centralspindlin component Pav 
suggesting that this protein might contribute to ARF6 recruitment 
to central spindle endosomes (Dyer et al., 2007).  
Remarkably cytological analysis of several mutants affecting 
vesicle trafficking components such as Cog5, Cog7, bru, Rab11, 
and Arf6 revealed a common cytokinetic phenotype: mutant 
spermatocytes assemble regular central spindles and contractile 
rings during early telophase but the rings fail to complete 
Dottorato di ricerca in Genetica e Biologia Molecolare 
 Pag. 23  
constriction, resulting in cytokinesis failure (Farkas et al., 2003; 
Giansanti et al., 2007; Dyer et al., 2007; Robinett et al., 2009; 
Wainman et al., 2012). In addition, time-lapse analysis of arf6 and 
rab11 mutant spermatocytes undergoing cytokinesis indicated 
similar defects in furrow ingression (Dyer et al., 2007; Giansanti 
et al., 2007). In spermatocytes expressing b-tubulin-EGFP, central 
spindles transiently formed and furrows initially ingressed at rates 
similar to wild type cells for almost 15 minutes during the early 
stages of cytokinesis in the mutants. However, in most cells from 
arf6 and rab11 central spindle microtubule bundles disassembled 
and cleavage furrows slowly regressed. 
Successful cytokinesis also depends on a special lipid 
composition at the cleavage furrow. Special membrane domains 
are emerging as key factors in regulating both the dynamics of 
cytokinetic structures and membrane addition (reviewed in Neto et 
al. 2011). The Drosophila gene bond (named after James Bond 
because of the lack of a ring) encodes a member of the Elovl 
family involved in the biosynthesis of VLCFAs (Szafer-Glusman 
et al., 2008.  In  bond  mutant spermatocytes, central spindles fail 
to assemble and the contractile ring, visualized by Sqh-GFP, 
detaches from the membrane and collapses to one side of the cell  
(Szafer-Glusman et al., 2008).  These findings suggest that 
VLCFAs are required to allow the plasma membrane to undergo 
cleavage furrow invagination and indicate an intimate relationship 
between membrane lipids and the dynamics of cytoskeletal 
structures during cytokinesis.  
Phosphatidylinositol phosphates are also important 
signaling molecules during cytokinesis (for a review see Brill et 
al., 2011). The Drosophila phosphatidylinositol (PI) transfer 
protein Giotto/Vibrator (Gio)  concentrates in both the ER 
membranes and the cleavage  furrow in dividing spermatocytes. 
Spermatocytes and neuroblasts from gio mutants are defective in 
contractile ring constriction  and exhibit an accumulation of 
Golgi-derived vesicles at the cleavage site, suggesting a defect in 
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membrane addition (Gatt and Glover, 2006; Giansanti et al., 2006; 
Giansanti et al., 2007).  
The phosphoinositide Phosphatidylinositol 4,5-biphosphate 
(PIP2), enriched in the plasma membrane of the cleavage furrow 
of Drosophila spermatocytes, is crucial for cleavage furrow 
stability (Wong et al., 2005).  Compelling data indicate that PIP2 
promotes actin polymerization (reviewed in Yin and Janmey, 
2003).  In addition, the polybasic domain of Septins and the the 
pleckstrin homology domain of Anillin can mediate interactions 
with PIP2 (Bertin et al., 2010; Liu et al., 2012).  Thus, disruption 
of PIP2  at the furrow might affect the recruitment and/or the 
stability of contractile ring proteins.  PIP2 turnover is also 
important during cytokinesis; drugs that interfere with PIP2 
hydrolysis mediated by phospholipase C affected the completion 
of furrow ingression in spermatocytes (Wong et al., 2005).    
Genetic analysis in Drosophila also indicates that 
phosphatidylinositol 4-phosphate (PI4P) may have a key role in 
cytokinesis of male meiotic cells.  fwd encodes a Drosophila 
PI4KIIIb (Brill et al., 2002).   Dividing spermatocytes from fwd 
mutant males exhibit a cytokinetic phenotype similar to that of gio 
and Rab11 mutants (Giansanti et al., 2006; Giansanti et al., 2007; 
Polevoy et al., 2009).  Fwd binds the GTPase Rab11 and 
colocalizes with both Rab11 and PI4P markers on Golgi 
membranes.  Loss of fwd disrupts the localization of Rab11 and 
PI4P at the cell equator. Moreover phenotypic analysis of single 
and double mutants in fwd, rab11, and gio indicated that Rab11, 
Gio and Fwd might function in the same pathway during 
cytokinesis, with Gio and Fwd required upstream of Rab11 
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In animal cells, a contractile ring composed of F-actin filaments and 
non-muscle Myosin II, assembled just beneath the plasma membrane 
around the cell equator, generates the constricting force that separates 
the cell into two. Constriction of the actomyosin ring draws in the 
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Fig. 2, Schematic representation of the Rho pathway. 
 
 
Contractile ring assembly is directed by the RhoA GTPase which 
induces Actin nucleation and activates Myosin II. 
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Fig. 3, Schematic representation of spermatogenesis in Drosophila 
melanogaster. 
 





A single primary spermatogonium undergoes four mitotic divisions. 
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Each primary spermatocyte undergoes a growth phase, which lasts 90 h 
before undergoing two meiotic divisions. A wild type spermatid cyst at 
the so-called onion stage contains 64 spermatids connected by 63 ring 
canals (not shown). Each spermatid contains a single nucleus (white) 
associated with a nebenkern (black) of similar size. Only four 
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 A                       B 
 
 
Each wild type spermatid contains a single light nucleus (arrow) 
associated with a dark nebenkern (arrowhead). Spermatids from a 
mutant defective in male meiotic cytokinesis, contain large nebenkern 
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 Early Telophase 
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During late anaphase the central spindle is made up of two distinct 
populations of microtubule bundles, the “peripheral” astral microtubules 
(black arrow) and the “interior” central spindle microtubules (blue 
arrow). The centralspindlin complex (Pavarotti and RacGAP50C) is 
enriched at the central spindle midzone and associates with both 
populations of microtubule bundles.  
Other microtubule associated proteins, required for central spindle 
formation, such as the CPC complex are not depicted. 
Rho1, Myo II and Anillin concentrate in a narrow cortical ring during 
late anaphase, before the recruitment of F-actin.  
During early- and mid-telophase, peripheral astral microtubule bundles 
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Fig. 6, Schematic representation depicting membrane trafficking 
routes involved in membrane addition during cytokinesis. 
Subcellular localization of different species of phosphoinositides 
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Tab. 1, Proteins/genes involved in cytokinesis of Drosophila 
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Tab. 1, Proteins/genes involved in cytokinesis of Drosophila 
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Tab. 1, Proteins/genes involved in cytokinesis of Drosophila 
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Tab. 1, Proteins/genes involved in cytokinesis of Drosophila 








Localizzation* Refs  
























































































* Localization of some proteins has not ben studied in dividing 
spermatocytes.  
 
ND, not determined; CS, central spindle; CR, contractile ring; CF, 
cleavage furrow; CPC, chromosomal passenger complex; ER, 
endoplasmic reticulum; PI4Kβ, phosphatidylinositol 4-Kinase β. 
 
References:  
1) Goldbach, 2010; 2) Szafer-Glusman, 2011; 3) Giansanti, 2004; 4) 
Gunsalus, 1995; 5) Hime, 1996; 6) Giansanti, 2001; 7) Giansanti, 1999; 
8) Giansanti, 1998; 9) Castrillon, 1994; 10) Carmena, 1998; 11) Vernì, 
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2004; 12) Gao, 2008; 13) Williams, 1995; 14) Gandhi, 2003; 15) Gatt, 
2005; 16) Wakefield, 2001; 17) Riparbelli, 2002; 18) Bucciarelli, 2003; 
19) Resnick, 2006; 20) Herrmann, 1998; 21) Sampaio, 2001; 22) Lange, 
2002; 23) Xu, 2002; 24) Farkas, 2003; 25) Belloni, 2012; 26) Robinett, 
2009; 27) Giansanti, 2006; 28) Giansanti, 2007; 29) Gatt, 2006; 30) 
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I have isolated a male sterile mutation in the gene encoding the 
Drosophila othologue of human Golgi phosphoprotein 3 
(GOLPH3) which has recently been recognized as a potent 
oncogene amplified in many human cancers (Scott et al, 2009, 
Scott and Chin, 2010; Hu et al, 2012; Hua et al, 2012; kunigou et 
al, 2012; Li et al, 2012; Wang et al, 2012; Zeng et al, 2012; Zhou 
et al, 2012). GOLPH3, a highly conserved 34-kDa protein, was 
initially identified  through a proteomic analysis of the Golgi 
apparatus and was described as a Golgi-localized coatlike protein 
(Bell et al., 2001; Snyder et al., 2006). Recruitment of 
Vps74/GOLPH3 to the Golgi apparatus depends on the specific 
recognition of the lipid PtdIns(4)P in a conserved putative binding 
pocket on the surface of the protein (Dippold et al., 2009; Wood et 
al., 2009). Human GOLPH3 also interacts with the unconventional 
myosin MYO18A, mediating a linkage with the F-actin 
cytoskeleton that was proposed to facilitate the flattening of the 
Golgi as well as vesicle formation (Dippold et al., 2009). In the 
context of cancer pathogenesis, GOLPH3 was implicated in 
cellular transformation via changes in the activity of mTOR (Scott 
et al, 2009, Scott and Chin, 2010). The mammalian TOR kinase is 
the catalytic subunit of two distinct signaling complexes within 
cells referred to as mTORC1 and mTORC2, which differ in 
subunit composition and sensitivity to the bacterial macrolide 
rapamycin (Guertin and Sabatini, 2007). mTORC1 is a key 
regulator of growth factor and nutrient signaling; S6 kinase is the 
best characterized downstream effector of this complex. mTORC2 
plays roles in regulating the actin cytoskeleton  and in activating 
AKT/protein kinase B through Ser473 phosphorylation (Guertin 
and Sabatini, 2007). GOLPH3 physically interacts with Vps35, a 
component of the retromer protein trafficking  complex known to 
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activate both mTOR complexes in budding yeast (Scott et al, 2009, 
Scott and Chin, 2010).  
My work provides the first information to date implicating 
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2   RESULTS 
 
2.1   Sauron encodes the Drosophila ortholog of GOLPH3.  
 
The sauZ2217 mutant allele was isolated  in the course of a screen 
for mutants defective in spermatocyte cytokinesis (Giansanti et al., 
2004). Deficiency mapping showed that sau Z2217 was uncovered by 
both Df(2L)Exel6007 and Df(2L)Exel7010 defining a small 
polytene chromosome region containing 22 genes (Figure 1). 
DNA sequencing of sauZ2217 revealed a single point mutation in the 
annotated gene CG7085 resulting in a substitution of Lysine in 
place of a conserved Glutamic-acid at position 273 of the C-
terminus of the predicted protein (Figure 2). A P element lethal 
insertion in the CG7085 gene, namely l(2)s5379, failed to 
complement sauZ2217 mutation for both male sterility and meiotic 
cytokinesis (Figure 1). In addition testes from males expressing 
dsRNA against CG7085 contained frequent aberrant multi-
nucleate spermatids and a cytokinetic phenotype that was fully 
comparable to sauZ2217, sauZ2217/l(2)s5379 and 
sauZ2217/Df(2L)Exel7010 males (Figure 3). We generated 
transgenic flies that express GFP-Sau under the control of a 
tubulin promoter. The GFP-Sau protein rescued the defects of 
sauZ2217 and sauZ2217/l(2)s5379 mutants confirming that the 
cytokinesis phenotype is the consequence of alterations in the 
Drosophila GOLPH3 orthologue. Taken together these results 
indicate that sau encodes a polypeptide of 294 amino acids sharing 
an identity of 70% to human GOLPH3 (Figure 2), a Golgi protein 
that was recognized as a potent oncogene amplified in many 
human cancers (Dippold et al., 2009; Scott et al., 2009).  
2.2   Sau/GOLPH3 concentrated in the cleavage furrow 
of Drosophila dividing spermatocytes. 
In order to study the localization of Sau/GOLPH3, I raised 
polyclonal antibodies directed against the entire protein. The 
antibodies recognized a band of the predicted molecular weight in 
western blots from adult testis extracts (Figure 4). This band was 
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substantially reduced in blots from males expressing dsRNA 
against CG7085 indicating that the antibodies specifically reacted 
with Sau/GOLPH3 (Figure 4). In prophase I spermatocytes, both 
the GFP-tagged protein and the endogenous protein were enriched 
at multiple round structures that also contained the Golgi marker 
Lava Lamp (Lva, Sisson et al., 2000) indicating that Sau/GOLPH3 
localized to the Golgi stacks (Figure 5). I also explored the 
possible association of this protein with endosomes. In prophase 
spermatocytes from males co-expressing GFP-Sau Vps35-RPF, 
Sau/GOLPH3 co-localized with the endosomal marker Vps-35 
(Figure 6). During metaphase and anaphase GOLPH3/Sau was 
associated with vesicles in the polar regions of the cell (Figure 5). 
During telophase Sau/GOLPH3 accumulated at the cleavage 
furrow suggesting a role in cytokinesis (Figure 6). Anti-Sauron 
staining was absent from male germ cells depleted of sauron 
confirmining the specificity of our antibodies. 
2.3   Dividing spermatocytes from sauron mutants were 
defective in early steps of cytokinesis. 
Previous analysis conducted in homozygous sauZ2217 mutant males 
failed to detect central spindles and F-actin rings in most telophase 
spermatocytes suggesting a role for Sau/GOLPH3 in the assembly 
and/or stability of these cytokinetic structures (Giansanti et al., 
2004). Examination of F-actin using an improved protocol (see 
Material and Methods) confirmed defects in F-actin ring assembly 
in hemizygous sauZ2217 mutant spermatocytes: most telophase 
spermatocytes (85% of cells examined, n= 34; n=44 control cells) 
did not display an F-actin ring although irregular patches of F-actin 
could be rarely visualised at cell equator (Figure 7). I extended the 
analysis of sau phenotype and explored whether the localization of 
other components of the cytokinetic apparatus was also affected in 
hemizygous sauZ2217 mutant cells. In wild-type spermatocytes, 
Myosin II started to concentrate into rings at cell equator during 
late anaphase, (100% of cells, n=48; Figure 8A) that constricted in 
cells at mid-late telophase (100% of cells, n=65; Figure 8A). Most 
spermatocytes from sauZ2217 hemizygotes fixed during late 
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anaphase appeared devoid of clear Myosin rings (50% of cells 
examined; n=44). In these cells Myosin II appeared associated with 
patches located at the equatorial cortex (Figure 8B). In 
sauZ2217/Df(2L)Exel7010 spermatocytes fixed at mid-late telophase, 
Myosin II was associated with patches in 50% of cells and formed 
unconstricted large rings in 40% of cells (n=120, Figure 8B). I 
next explored the localization of Septins, cytoskeletal scaffolding 
proteins that bind to phosphoinositides and form a membrane-
associated filament system required to anchor the actomyosin ring 
to plasma membrane (reviewed by Oh and Bi, 2011;  Beise and 
Trimble, 2011). In wild type dividing spermatocytes Septins 
started to localize into thin equatorial rings during late 
anaphase/early telophase (n=45; Figure 9A). In spermatocytes 
fixed during later telophase stages Septin rings appeared thicker as 
constriction progressed (n=63; Figure 9A). In most early telophase 
spermatocytes from sauZ2217/Df(2L)Exel7010 hemizygotes Septins 
failed to concentrate into clear rings (48% of cells, n=42). In 
mutant spermatocytes fixed at mid-telophase or late telophase 
Septin rings were either not visible or poorly constricted and 
substantially thinner than the constricted rings of wild type (81% 
of cells, n=62; Figure 9B).  
2.4   Mutations in sau affect the organization of the central 
spindle. 
I next focused on the central spindle organization of sau mutant 
spermatocytes. Previous work showed defective central spindles in 
most fixed telophase spermatocytes from sauZ2217 homozygous 
males. Staining for tubulin of sauZ2217 telophases from hemizygous 
males confirmed a requirement for Sau/DGolph3 in central spindle 
assembly and stability. Because central spindle formation is highly 
dynamic, we analyzed this process in wild type and sauZ2217 living 
spermatocytes expressing EGFP-b-tubulin (Figure 10). In wild-
type (n=10) dividing spermatocytes at anaphase, a set of (MTs) 
microtubules extending from the poles probed the cell cortex in 
proximity of  the equatorial region (Frame 09 in Figure 10A) and 
started bundling (Frame 16, Figure 10A). This initial bundling of 
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MTs at the equatorial cortex was accompanied by cell elongation 
and the interdigitation of a second population of MTs (interior 
MTs) in the center of the cell (Frame 16, Figure 10A). Furrow 
ingression compacted the MTs arrays (Frame 19, Figure 10A) 
giving rise to the characteristic telophase central spindle that was 
pinched in the middle during cytokinesis (Frames 21, 24, 36, 
Figure 10A). 
In most sauZ2217 mutant spermatocytes (7/10), although peripheral 
MTs contacted the cortex at cell equator during anaphase (Frame 
19; Figure 10B), they failed to interdigitate and stabilize (Frames 
24, 26, Figure 10B). In addition interior MTs failed to bundle at 
the cell midzone (Frames 24, 26, Figure 10B) and cells failed to 
elongate and to undergo furrow ingression (Figure 10B).  
This analysis suggested a role for Sau/GOLPH3 in the 
initial steps of central spindle assembly. I thus asked whether 
sauron mutations affected the localization of proteins required for 
central spindle formation. Immunofluorescence staining of wild 
type dividing spermatocytes for the microtubule bundling 
protein/Fascetto (Feo, Verni et al, 2004), the Drosophila 
orthologue of human Prc1, showed that this protein localized to 
microtubule bundles at the cell midzone of  anaphases (n=44 
mutant cells; n= 32 control cells; Figure 11A and 11B). However, 
in sauZ2217/Df(2L)Exel7010 spermatocytes at telophase Feo did not 
form a tight equatorial band and was either associated with signals 
scattered between the two nuclei or appeared diffuse (n=50 mutant 
cells; n= 45 control cells; Figure 11B), consistent with the failure 
of central spindle formation of this mutant. Similar results were 
obtained by staining for the centralspindlin component Pavarotti 
(Pav). Telophase spermatocytes from sauZ2217/Df(2L)Exel7010 
males exhibited faint Pav accumulations that failed to resemble 
the tight equatorial bands displayed by wild type males (Figure 
12).  
2.5   GOLPH3/Sau lipid interaction. 
Localization of Vps74 and human GOLPH3 to the Golgi 
apparatus was shown to depend on the lipid PtdIns(4)P (Dippold 
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et al., 2009) although GOLPH3 was able to interact with also 
PtdIns(3)P, PtdIns(5)P and PtdIns(4,5)P2 in lipid binding assays 
(Wood et al., 2009). In order to test whether Sau binding to lipid 
PtdIns(4)P provided an essential function for cytokinesis I 
constructed flies carrying sauZ2217 mutation and expressing a 
mutant version of GFP-Sau carrying non-conservative 
substitutions of two positively charged amino acids 
(K167A/R170L, Figure 2) that impair binding of PtdIns4P based 
on crystal structure of GOLPH3 and Vps74 (Dippold et al., 2009; 
Wood et al., 2009). GFP-Sau carrying these substitutions failed to 
localize to the Golgi and to rescue the cytokinetic phenotype of 
sauZ2217 mutation (Figure 13) demonstrating that recruitment of 
Sau to Golgi membranes through PtdIns4P was an essential step 
during cytokinesis.  
I next asked whether the Glu-Lys (E273K) mutation in our 
original sauZ2217 allele also affected the ability of Sau to bind to 
phosphoinositides. Wild type Sau and Sau mutant proteins 
carrying either K167A/R170L or E273K mutations were 
expressed as GST-tagged proteins and their ability to bind 
different species of phosphinositides were determined through 
protein-lipid overlay assays (Figure 14 see also Material and 
Methods). My analysis revealed that wild type Sau interacted not 
only with PtdIns(4)P but also with the two phophoinositides 
PtdIns(3)P and PtdIns(5)P and the glycerophospholipid 
phosphatidic acid (Figure 14). As expected SauK167A/R170L 
failed to bind PtdIns(4)P, in addidion the protein carrying this 
mutation was also unable to bind  PtdIns(5)P. Remarkably the 
pattern of lipid interaction for SauE273K was fully comparable to 
SauK167A/R170L indicating a defective binding to both 
PtdIns(4)P and PtdIns(5)P. 
2.6   Sau and PtdIns(4)P during cytokinesis. 
To validate the dependency of Sau on the PtdIns(4)P lipid in the 
Golgi stacks, I examined the localization of Sau in spermatocytes 
from males carrying mutations in the gene four wheel drive (fwd) 
that encodes the phosphatidylinositol-4-kinase (PtdIns-4-kinase) 
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III β required for PtdIns(4)P synthesis. My analysis revealed that 
Sau localization was abolished at the Golgi stacks in fwd in 
accordance with the assumption that Sau/GOLPH3 binding to this 
organelle requires PtdIns(4)P (Figure 15). I next asked whether 
the localization of PtdIns(4)P  was affected in sau mutants. I 
analysed the subcellular distribution of PtdIns(4)P in wild type 
and sau spermatocytes expressing an RFP fusion to the PtdIns(4)P 
marker PH-FAPP (Polevoy et al., 2009). Consistent with data of 
Polevoy and coauthors (2009), the subcellular distribution of RFP-
PH-FAPP signals indicated that PtdIns(4)P was localized on Golgi 
stacks in prophase spermatocytes (not shown) and enriched on 
secretory organelles at the midzone during telophase (Figure 16). 
In sauZ2217/Df(2L)Exel7010 prophase spermatocytes, RFP-PH-
FAPP signals at the Golgi stacks were not affected (not shown). 
However in telophase spermatocytes from 
sauZ2217/Df(2L)Exel7010 RFP-PH-FAPP signals were completely 
delocalized and failed to accumulate at the midzone (Figure 16). 
Taken together these results indicate that Sau depends on 
PtdIns(4)P for its recruitment to the Golgi and that PtdIns(4)P 
concentration at the cleavage furrow requires the wild type 
function of Sau. In order to further substantiate the relationship 
between Fwd and Sau proteins I constructed double mutants 
carrying both fwd and sau mutations. Flies that were wild type for 
sau and hemyzygous for fwd and flies that were wild type for fwd 
and homozygous for sau were viable. However, sauZ2217 was fully 
lethal in combination with fwd3/Df(3L)7C. Individuals of 
genotypes sauZ2217/Df(2L)Exel7010; fwd3/Df(3L)7C or sauZ2217; 
fwd3/Df(3L)7C died in early larval stages indicating a synthetic 
lethal genetic interaction.  
2.7   Sau is required for membrane trafficking to the cleavage 
site. 
The small GTPase Rab11, involved in both the secretory and the 
endocytic traffic, is essential for cytokinesis in several organisms, 
including Drosophila and mammalian cells (Riggs et al., 2003; 
Wilson et al., 2005; Giansanti et al., 2007). Recent data showed 
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that this protein accumulates at the equator of Drosophila 
spermatocyte telophases and is essential for furrow ingression 
(Giansanti et al., 2007; Polevoy et al., 2009). Rab11 recruitment to 
the cleavage site was shown to depend on Fwd although this 
kinase does not localise to cell equator (Giansanti et al., 2012). 
Data from Polevoy and collaborators (2009) indicated that Fwd is 
required for synthesis of PI4P on Golgi membranes and for 
localization of PtdIns(4)P - and Rab11-associated secretory 
organelles at the cleavage furrow (Polevoy et al., 2009). Because 
sau abolished the localization of PtdIns(4)P - containing 
organelles to the cleavage furrow, we asked whether this mutation 
also affected concentration of Rab11 at cell equator. In contrast to 
wild type, GFP-Rab11 containing signals were completely 
dispersed during cytokinesis in sauZ2217/Df(2L)Exel7010 
spermatocytes (Figure 17).  
We next investigated the requirement for Sau in localization of 
other membrane trafficking markers. In wild type a GFP fusion to 
clathrin light chain (Clc-GFP, Chang et al., 2002) was enriched in 
clusters of vesicular structures in early prophase spermatocytes 
(Figure 18A). Clc-GFP puncta started to accumulate at each aster 
in spermatocytes fixed at late prophase and localized to cell 
equator of dividing spermatocytes at telophase (Figure 18A). In 
sauZ2217/Df(2L)Exel7010 mutant spermatocytes during early 
prophase Clc-GFP was enriched in clusters of vesicles although 
these structures appeared less numerous than in wild type (Figure 
18B). In dividing mutant cells Clc-GFP failed to accumulate at the 
astral regions and to the cleavage furrow and was instead 
completely delocalized (Figure 18B). 
2.8   Sau co-precipitates with Myosin II and Septin II in testis 
extracts. 
Because Sau localized to cleavage furrow and was required for 
proper localization of contractile ring components to the cleavage 
site we performed co-immunoprecipitation experiments aimed at 
verifying protein interactions among these proteins. Protein 
extracts from testes expressing either GFP-Sau were 
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immunoprecipitated using the GFP-Trap (see material and 
methods). I found that Myosin II co-immunoprecipitated with Sau 
in Drosophila testes (Figure 19A). Similar Co-IP results were 
obtained in a second experiment from extracts of S2 cells 
transfected with Sau-GFP and immunoprecipitated for GFP 
(Figure 19B). Moreover GST-Sau pulled down Myosin II from 
testis extracts suggesting that these proteins might interact in male 
germ cells (Figure 19C). Similar Co-IP and GST pull down 
experiments suggested that Sau might also interact with Septin 2 
in male germ cells (Figure 20).  
2.9   Co-IP and GST pull down experiments suggest 
interactions of Sau with several membrane trafficking 
components. 
Because my cytological analysis suggested a requirement for Sau 
in several vesicle trafficking events we also explored the potential 
interaction of Sau with membrane trafficking proteins.  
The small GTPase proteins Rab5 controls early endocytic events 
such as clathrin-coated-vesicle-mediated transport from the 
plasma membrane to the early endosomes and homotypic early 
endosome fusion (reviewed in Zerial and McBride, 2001). Using a 
GFP-fusion to Rab5 I could demonstrate that this protein, like 
Rab11-GFP and Clc-GFP accumulated to the cleavage furrow of 
dividing spermatocytes during telophase (Figure 21). Vps-RFP 
also concentrated at the midzone of dividing cells although it was 
only visible during late stages of cyokinesis (Figure 22A). 
Consistent with data from mammalian cells (Scott et al., 2009) our 
GST and  Co-IP experiments suggested that Sau and Vps-35 might 
form a complex also in Drosophila (Figures 22B and 22C). In 
addition when protein extracts from testes expressing either GFP-
Rab5 or GFP-Rab11 were immunoprecipitated using the GFP-
Trap we found that Sau co-immunoprecipitated with both Rab5 
and Rab11 (Figure 23). Finally we also explored the potential 
interaction of Sau with clathrin components (Figure 24). We 
found that Sau co-immunoprecipitated with Clathrin heavy chain 
(Chc) when extracts from testes expressing Chc-RFP were 
Dottorato di ricerca in Genetica e Biologia Molecolare 
 Pag. 49  
immunoprecipitated using the RFP-Trap (Figure 24A). In addition 
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sau Z2217 was uncovered by both Df(2L)Exel6007 and Df(2L)Exel7010 
defining a small polytene chromosome region containing 22 genes.  
The P element lethal insertion l(2)s5379 in the CG7085 gene, failed to 
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    Red triangle indicates the substitution of Lysine in place of Glutamic 
acid (E273K) at position 273 of Sauron protein sequence. 
 
     Blue triangles indicate the two substitution K167A and R170L. This 
mutant version of Sauron affects the binding to PtdIns4P. 
 
    Violet triangles indicate the putative LLDLD consensus sequence for 
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Fig. 3, Spermatids at the onion-stage viewed by phase-contrast 
microscopy. 
 
   A                                                 B 
 
 
Testes from males expressing dsRNA against CG7085 contained 
frequent aberrant multi-nucleate spermatids (B) suggeting a phenotype 
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Anti Sauron antibodies recognize a band of the predicted 34 kDa that is 














Dottorato di ricerca in Genetica e Biologia Molecolare 
 Pag. 55  
Fig. 5, Sau localizes to the Golgi stacks during prophase and 
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In prophase I spermatocytes, both the GFP-tagged protein (A) and the 
endogenous protein (B) were enriched at multiple round structures that 
also contained the Golgi marker Lava Lamp (Lva) indicating that Sau 
localized to the Golgi stacks.  
During metaphase and anaphase (C) Sau was associated with vesicles in 
the polar regions of the cell.  
During telophase  Sau accumulated at the cleavage furrow suggesting a 











In prophase spermatocytes from males expressing both GFP-Sau and 
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Wild type and hemizygous sauZ2217 mutant spermatocytes were stained 
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Fig. 8, Staining for Myosin II in wild type (A) and mutant (B) 





Wild type spermatocytes at anaphase and telophase were stained for 
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B 
 
Spermatocytes at anaphase and telophase from sauZ2217 hemizygotes 
were stained for Myosin II (Drosophila Zipper, Red), Tubulin (Green) 
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Fig. 9, Staining for Septin 2 in wild type (A) and mutant (B) 




Wild type dividing spermatocytes were fixed and stained for Septin 2 
(Red), Tubulin (Green) and DNA (Blue).  
Septins start to localize during late anaphase/early telophase into thin 
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Spermatocytes from sau hemizygotes were fixed and stained for Septin 2 
(Red), Tubulin (Green) and DNA (Blue).  
In most early ana-telophases Septins failed to concentrate into clear 
rings. In mutant spermatocytes fixed at mid-telophase or late telophase 
Septin rings were either not visible or poorly constricted and 
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Fig. 10, Analysis of the dynamics of central spindle formation in 





Wild-type (A) and sau mutant (B) dividing spermatocytes that express 
EGFP-b-tubulin undergoing anaphase and telophase were filmed from 
anaphase onset  (first frame) to telophase. Bar, 10 µm. 
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Wild type dividing spermatocytes at late anaphase and telophase were 
stained for the microtubule bundling protein/Fascetto (Red), Tubulin 












sau hemizygous spermatocytes at anaphase and telophase were fixed 
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Telophase spermatocytes from wild type and sau hemizygous males 
were fixed and stained for Pav (Red), Tubulin (Green) and DNA (Blue).  
Telophase spermatocytes from sau males exhibited faint Pav 
accumulations that failed to resemble the tight equatorial bands 
displayed by wild type.  
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Fig. 13, Analysis of cellular localization of GFP-Sau carrying the 





GFP-Sau K167A/R170L fails to rescue sau mutants and fails to localize 
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PIP Strips (Echelon) membranes were incubated with: 
• Wild type Sau-GST.  
• The mutant version of Sau-GST carrying the substitutions 
K167A/ R170L that affect binding to PtdIns4P. 
• Sau-GST carrying the E273K mutation in our sauz2217 allele. 
• Recombinant GST-tagged controls that specifically bind to 
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Fig. 15, Analysis of the localization of GFP-Sau  in spermatocytes 




Wild type and fwd3/Df(3L)7C (fwd/Df) mutant spermatocytes expressing 
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Fig. 16, Subcellular distribution of RFP-PH-FAPP signals in wild 




Wild type and sau hemizygous spermatocytes expressing  
RFP-PH-FAPP were imaged during telophase.  
Note that RFP-PH-FAPP signals were completely delocalized and failed 








Pag 70  
Fig. 17, Subcellular localization of GFP-Rab11 in wild type and 
sauz2217 hemizygous mutant spermatocytes. 
 
 
Dividing spermatocytes from wild type and sauz2217 hemizygous mutant 
spermatocytes expressing GFP-Rab11  (Red), were stained for tubulin 
(Green). 
In wild type telophases GFP-Rab11  (Red) is associated with secretory 
organelles that localise at the cleavage furrow.  
In contrast GFP-Rab11 containing signals were completely dispersed 
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Fig. 18, Subcellular localization of Clathrin light chain  (Clc) 





Wild type spermatocytes expressing a GFP fusion to clathrin light chain 
(Clc-GFP) were fixed and stained for Tubulin (Green) and DNA (Blue). 
Clc-GFP was enriched in clusters of vesicular structures in early 
prophase spermatocytes. Clc-GFP puncta started to accumulate around 
each aster in late prophase and localized to the equator of dividing cells 














In sauZ2217 /Df(2L)Exel6007 mutant spermatocytes during early prophase 
Clc-GFP was enriched in clusters of vesicles although these structures 
appeared less numerous than in wild type.  
In dividing mutant cells Clc-GFP failed to accumulate at the astral 
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(A) Protein extracts from testes expressing GFP-Sau were 
immunoprecipitated with either anti-GFP or control IgG. Myosin II co-
immunoprecipitated with Sau. 
(B) Protein extracts from S2 cells transfected with GFP-Sau and 
immunoprecipitated with either anti-GFP or control IgG. Myosin II co-
immunoprecipitated with Sau. 
(C) GST-Sau, but not GST pulled down Myosin II from testis extracts 
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(A) Protein extracts from control Oregon-R testes (OR-R) testes were 
immunoprecipitated with either mouse anti-Sauron (M) or preimmune 
serum and blotted for either Sauron (using rabbit anti-Sauron) or Septin 
2. Septin 2 co-immunoprecipitated with Sauron in Drosophila testes. 
(B) GST-Sau pulled down Septin 2 from testis extracts suggesting that 
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Rab5-GFP accumulated to the cleavage furrow of dividing 
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Fig. 22, Vps35-RFP localization in Drosophila spermatocytes and 
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(A) Vps35-RFP accumulates in vesicles at cell poles and concentrates at 
the cell midzone in dividing spermatocytes at late stages of cyokinesis. 
(B) GST-Sau pulls  down Vps35-Flag from S2 cells transfected with 
Vps35-Flag. 
(C) S2 cells transfected with Vps35-Flag and either GFP (control) or 
GFP-Sau were immunoprecitated with anti-GFP and blotted for GFP 











Protein extracts from testes expressing either GFP-Rab5 or  
GFP-Rab11 were immunoprecipitated with either GFP-Trap or control 
beads (cntr) and blotted for GFP and Sau.  
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(A) Protein extracts from testes expressing Clathrin heavy chain  tagged 
with RFP (Chc-RFP)  were immunoprecipitated with either anti-RFP 
(RFP-Trap) or control beads (cntr) and blotted for RFP or Sau. Note that 
Sau co-immunoprecipitated with Chc. 
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3   DISCUSSION. 
 
GOLPH3 was recently identified as a new oncogene frequently 
amplified in many human cancers (Scott et al, 2009, Scott and 
Chin, 2010; Hu et al, 2012; Hua et al, 2012; kunigou et al, 2012; 
Li et al, 2012; Wang et al, 2012; Zeng et al, 2012; Zhou et al, 
2012). However, the molecular pathways involving this protein in 
malignant transformation are far from being clarified (Scott and 
Chin, 2010). Studies in both yeast and mammalian cells have 
implicated this protein in several vesicle trafficking events 
(Snyder et al., 2006; Tu et al., 2008; Schmitz et al., 2008; Dippold 
et al., 2009). Rat GOLPH3/Gmx33 is a dynamic component of the 
trans-Golgi matrix; the GFP tagged protein was visualized on 
tubulovesicular structures exiting from the Golgi, on endosomal 
compartments and on the plasma membrane suggesting that 
GOLPH3 may traffic to these structures and hence provide a 
function in sorting from the Golgi (Snyder et al., 2006). 
Accordingly siRNA knockdown of human GOLPH3 caused 
defects in anterograde trafficking from Golgi to PM. Vps74p, the 
yeast counterpart of GOLPH3, originally identified in a genetic 
screen for genes that are essential in the absence of the 
RabGTPase Ypt6p (Tong et al., 2004), was involved in  proper 
docking and localization of glycosyltransferases to the Golgi 
membranes (Schmitz et al., 2008; Tu et al., 2008). In addition 
human GOLPH3 was shown to interact with VPS35, a component 
of the conserved retromer complex, known to regulate trafficking 
between endosomes and the Trans Golgi Network (TGN) of 
trasmembrane cargos (Bonaficino et al., 2008; Seaman, 2005). 
The role of human GOLPH3 in Golgi function and vesicle 
trafficking is strictly dependent on the interaction with the lipid 
PtdIns(4)P and unconventional myosin MYO18A that link Golgi 
to F-actin producing a tensile force that stretches the Golgi and 
promotes vesicle budding (Dippold et al. 2009). 
Drosophila male meiosis, with its unique ease on 
checkpoint control, offered the exclusive opportunity to determine 
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how GOLPH3 contributes to cytokinesis. We have shown that the 
Drosophila orthologue of human GOLPH3 is required during the 
early steps of spermatocyte cytokinesis playing an essential role in 
both contractile ring assembly and vesicle trafficking during 
furrow ingression.  
In most sau mutant telophase spermatocytes F-actin failed to 
localize at the cleavage furrow and Myosin II and Septins failed to 
concentrate into regular-shaped rings. A large proportion of mid 
telophases from sau mutants displayed large/unconstricted or 
broken Myosin II rings indicating that cells that succeeded to 
assemble a contractile ring were then unable to constrict at later 
stages of cytokinesis. I have also shown that Sau, as the 
mammalian and yeast orthologues, bound PtdIns(4)P in lipid 
binding assays and was required for the accumulation of 
PtdIns(4)P-containing organelles at the cleavage site. Moreover a 
mutant version of Sau that is unable to associate with PtdIns(4)P 
failed to rescue the cytokinesis defects of sau mutants. Thus the 
requirement for Sau in spermatocyte cytokinesis was intimately 
connected to the ability of this protein to bind PtdIns(4)P. A 
possible model to illustrate how Sau function could be involved in 
cytokinesis is depicted in Figure 25. Because in the absence of 
Sau both PtdIns(4)P-and Rab11 are completely delocalized, Sau 
might have a role in targeting PtdIns(4)P-and Rab11-secretory 
vesicles that enrich at the cleavage furrow during telophase 
(Polevoy et al., 2009). PtdIns(4)P is the substrate for PtdIns(4)P  
5-kinase for the synthesis of PtdIns(4,5)P2 that is generated in the 
cleavage furrow and plays crucial roles  during cytokinesis (Brill 
et al., 2011). PtdIns(4,5)P2 is known to promote actin 
polimerization by modulating the activity and targeting of actin 
regulatory proteins (reviewed in Yin and Janmey, 2003). Thus 
failures of sau to assemble F-actin rings might be the consequence 
of a defective PtdIns(4,5)P2 pool at the cleavage site. A defective 
phosphoinositide concentration might also affects Septin 
localization. Septins, a family of filamentous GTPases that are 
thought to anchor the actomyosin ring to the cell membranes, form 
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a gauze–like mesh tightly associated with plasma membranes 
(reviewed by Oh and Bi, 2011;  Beise and Trimble, 2011). These 
proteins bind phosphoinositides in vitro through a polybasic 
domain and septin polymerization into filaments is enhanced by 
the association of these proteins with lipid bilayers (Bertin, 2010; 
Tanaka-Takiguchi et al., 2009).  It has also been suggested that 
septin filaments interaction with plasma membrane 
phosphoinositides would not only prevent lateral diffusion of 
lipids acting as diffusion barriers but also bend the membrane 
hence helping to stabilize the cleavage furrow (Beise and Trimble, 
2011; Brill et al., 2011). Moreover it has also been shown that one 
of the mammalian septins (SEP2) binds directly Nonmuscle 
Myosin II and this interaction is required for  Myosin  II full 
activation during cytokinesis (Joo et al., 2007). Remarkably Sau 
protein localized to the cleavage furrow during early cytokinesis 
and Co-IP and GST-pull down analyses suggested that this protein 
might interact with both Septin 2 and Myosin II in male germ 
cells. Human GOLPH3 binds PtdIns(4)P and recruits MYO18A to 
the Golgi. GOLPH3 and MYO18A are required for tethering the 
Golgi to the actin cytoskeleton to stretch the Golgi and produce a 
tensile force that facilitates vesicle budding (Dippold et al, 2009).  
It is then possible that a module PtdIns(4)P-Sau-Myosin II at the 
cleavage furrow might be involved in producing a tensile force 
required to shape the actomyosin ring.  
The cytokinetic phenotype of sau mutants might be also 
the consequence of malfunctioning of membrane trafficking 
pathways. Several studies have suggested an intimate connection 
between vesicle trafficking and actomyosin ring assembly and 
stability during cytokinesis. For example Syntaxin 1 is required 
for proper F-actin ring assembly in Drosophila S2 cells (Somma et 
al., 2002) and Albertson and coauthors (2008) have reported that 
F-actin are targeted on endosomal vesicles to the cleavage furrow 
of Drosophila postcellularized embryonic cells. In Dyctiostelium 
most clathrin null cells fail to undergo furrow ingression 
(Niswonger and O’Halloren, 1997; Gerald et al., 2001); in these 
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cells Myosin II is frequently associated with patches instead of 
forming a ring, a phenotype that is similar to that described for 
sau. Remarkably my results indicated that Sau protein is required 
for proper localisation of Clathrin light chain in dividing 
spermatocytes and that Sau protein might be a molecular partner 
of both Rab 5 and clathrin in Drosophila male meiotic cells. A 
potential molecular interaction between Clathrin and Sau is further 
suggested by the presence in Sau/GOLPH3 amino acid sequence 
of a putative clathrin binding motif (LLDLD indicated by purple 
triangles in Figure 2). However further investigations will be 
required to verify whether Sau directly binds Clathrin chains.  
Because Sau not only binds PtdIns(4)P but also  PtdIns(3)P, 
PtdIns(5)P in lipid binding assays it is likely that this protein is 
also involved in other membrane trafficking pathways that depend 
on these phosphoinositides during cytokinesis. Indeed several 
studies have indicated a role for PtdIns(3)P in cytokinesis 
(reviewed in Brill et al., 2011; Echard, 2012). PtdIns(3)P positive 
endosomes localize to the midzone of both fungal and mammalian 
cells (Sagona et al., 2010 and Schink and Bolker, 2009) and 
inhibition of PtdIns(3)P production results in cytokinesis failures 
in HeLa cells (Montagnac et al., 2008).  Strikingly, I have found 
that Sau protein also binds the glycerophospholipid phosphatidic 
acid in lipid binding assays. One intriguing hypothesis would 
involve this lipid and Sau during cytokinesis . It has been shown 
that phosphatidic acid (PA) is an important lipid for plasma 
membrane curvature (Kooljmanet et al., 2003) and it is also an 
activator of PtdIns(4)P 5-kinase (Jarquin-Pardo et al., 2007). Thus 
we can speculate that Sau not only recruits PtdIns(4)P to plasma 
membrane that is phosphorylated by PtdIns(4)P 5-kinase to 
generate PtdIns(4, 5)P2 but it also contributes to PtdIns(4)P 5-
kinase activation and membrane remodeling during cytokinesis 
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Fig. 25, Diagram illustrating the possible role of Sau during 
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The conserved oligomeric Golgi (COG) Complex plays essential 
roles for Golgi function, vesicle trafficking and glycosylation. 
Mutations in the genes encoding human COG1, COG4-COG8 
have been associated with congenital disorders of glycosylation 
(CDG) (Folquier et al., 2006, 2007; Kranz et al., 2007; 
Lübbehusen et al, 2010; Ng et al., 2007; Paesold-Burda et al., 
2009; Reynders et al., 2009; Spaapen et al., 2005; Steet and 
Kornfeld, 2006; Wu et al., 2004) indicating a role for COG in the 
transport and/or stability of Golgi glycosylation enzymes. Indeed 
studies in both yeast and mammalian cells have suggested that 
COG complex might function as a vesicle-tethering factor in intra-
Golgi retrograde COPI transport (Ungar et al., 2002), thus 
regulating the distribution and the stability of Golgi resident 
proteins (Oka et al, 2004; Shestakova et al., 2006; Suvorova et al., 
2001; Suvorova et al., 2002; Walter et al., 1998).  
Drosophila spermatocytes are quite large cells (more than 20µm 
in diameter), that complete two meiotic divisions in less than two 
hours (Fuller, 1993; Giansanti et al., 2001). For these reasons, as  
explained in the Introduction, cytokinesis of these cells proved to 
be sensitive to mutations affecting vesicle traffic components 
(Brill et al., 2000; Farkas et al., 2003; Dyer et al., 2007; Gatt and 
Glover; 2006; Giansanti et al., 2006; Giansanti et al., 2007; 
Polevoy et al.,  2009; Robinett et al., 2009; Xu et al., 2002). 
Among the COG subunits, the Drosophila Cog5 homologue Four 
way stop (Fws) has been implicated in both male meiotic 
cytokinesis and spermatid elongation (Farkas et al., 2003). As a 
part of my PhD project I contributed to the characterization of the 
Drosophila orthologue of human Cog7 (Belloni et al., 2012). 
Deletions of human COG7 are associated with a rare 
multisystemic congenital disorder of glycosylation causing 
mortality within the first year of life (Morava et al., 2007; Ng et 
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al., 2007; Wu et al., 2004). Similar to Fws, Cog7 also controls 
furrow ingression during cytokinesis. Importantly, Cog7 is 
required to localize the small GTPase Rab11 and the 
phosphatidylinositol transfer protein (PITP) Giotto (Gio) to the 
cleavage site of spermatocytes. In addition Gio 
coimmunoprecipitates with both Cog7 and Rab11 in Drosophila 
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5 RESULTS. 
 
5.1 Cog7 is required for contractile ring constriction during 
spermatocyte cytokinesis. 
Mutations in fws caused defects in F-actin ring constriction of 
telophase spermatocytes (Farkas et al., 2003). Staining of Cog7 
spermatocytes carrying null Cog7 alleles for tubulin and F-actin 
revealed a cytokinetic phenotype similar to fws (Fig. 1A). In 80% 
of  mid-late telophases I from Cog7z3-4495/Df(3R)BSC861 (Cog7) 
mutants, the F-actin rings failed to constrict to completion and the 
central spindles appeared less dense than in wild type (N=25 for 
wild type; N=30 for Cog7; Fig. 1A). 
To determine the localization of Cog7 in testes I generated 
transgenic flies expressing a GFP-Cog7 fusion protein. The GFP-
Cog7 transgene rescued both male sterility and the phenotypic 
defects associated with Cog7 null mutations indicating that the 
encoded protein is fully functional. In prophase I, GFP-Cog7 was 
enriched at multiple round structures that colocalized with the 
Golgi marker Lava Lamp (Lva, Sisson et al., 2000) indicating that 
Cog7 localizes to the Golgi stacks (Fig. 2A). During metaphase 
and anaphase of meiosis I, GFP-Cog7 was associated with Golgi 
organelles in the polar regions of the cell (Fig. 2B, 2C). In 
telophase cells, Cog7 signals appeared excluded from the cell 
equator just like Lva-Golgi organelles (Fig. 2C, 2D). In onion-
stage spermatids, Cog7 localized to Golgi derived acroblasts (Fig. 
2E).  
The subcellular localization of Cog7 in spermatocytes is in 
accordance with the localization of the Fws/Cog5 protein (Farkas 
et al., 2003 and Fig. 2F). To determine the functional dependence 
between Fws/Cog5 and Cog7, Cog7 mutants expressing GFP-Fws 
and fws mutants expressing GFP-Cog7 were examined. Cog7 
mutations completely abolished the localization of Fws at the 
Golgi and Cog7 was diffuse in the cytoplasm in the absence of 
Fws (Fig. 2F).  
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Since Cog7 and Fws/Cog5 are believed to reside in the same COG 
subcomplex (Ungar et al., 2002), we assessed whether the stability 
of either protein was affected in the reciprocal mutant (Fig. 2G, 
H). Western blots showed that GFP-Cog5 protein was decreased 
by 56% in testes from Cog7 mutants relative to wild type (Fig. 
2G) and GFP-Cog7 protein was decreased by 20% in testes from 
fws mutants relative to wild type (Fig. 2H). 
5.2 Wild-type function of Cog7 is required to recruit Giotto 
and Rab11 at the cleavage site. 
Previous data showed that the phosphatidylinositol transfer protein 
(PITP) Giotto/Vib (Gio/Vib) and the small GTPase Rab11 
accumulate at the cleavage site and are both required for 
spermatocyte cytokinesis (Gatt and Glover, 2006; Giansanti et al., 
2006, 2007; Polevoy et al., 2009). It was suggested that Rab11, 
Gio and the Phosphatidylinositol 4-kinase β (PI4Kb) Fwd function 
in the same pathway during cytokinesis, with Gio and Fwd acting 
upstream of Rab11 (Giansanti et al., 2007; Polevoy et al., 2009). 
Immunofluorescence analysis revealed that loss of Cog7 impaired 
the recruitment of Gio at the cell equator in 89% of telophase 
spermatocytes (Fig. 3A; N=32 for wild type; N=36 for Cog7). 
Cog7 mutations also disrupted the localization of Rab11 in 
dividing spermatocytes. In both wild-type and Cog7 prophase 
spermatocytes expressing Rab11-GFP, Rab11 was enriched at 
round structures corresponding to Lva-enriched Golgi stacks (not 
shown). Rab11-GFP colocalized with Lva in both wild type and 
Cog7 prophase cells. However Cog7 mutant spermatocytes 
displayed few Golgi organelles relative to wild type control cells. 
In addition, Rab11 did not accumulate at the cell midzone in 90% 
of mutant telophases (Fig. 3B, C; N= 26 for wild type; N=30 for 
DCog7). Since localization of Rab11 to the cleavage site is 
dependent on both Gio (Giansanti et al., 2007) and Cog7 (this 
study) I performed Co-IP experiments using Drosophila testis 
protein extracts aimed at verifying interactions among these 
proteins. Protein extracts from testes expressing either GFP-Cog7 
or Rab11-GFP were immunoprecipitated using the GFP-Trap (see 
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material and methods). I found that Gio co-immunoprecipitated 
with both Cog7 and Rab11 in Drosophila testes (Fig. 3D). 
Gio/Cog7 and Gio/Rab11 interactions were confirmed by a second 
experiment in which extracts from testes expressing Gio-RFP and 
either Rab11-GFP or GFP-DCog7 were immunoprecipitated using 
the RFP-Trap (Fig. 3E, F).  
Because Gio co-immunoprecipitated with Cog7 in testis extracts, I 
asked whether the two proteins colocalized in dividing 
spermatocytes. To test this, I imaged spermatocytes expressing 
both GFP-Cog7 and Gio-RFP. Our analysis revealed that Gio 
partially colocalized with Cog7 at the Golgi membranes (Fig. 3G). 
Gio also localized to parafusorial and astral membranes where 
Cog7 was not detectable. In fixed dividing spermatocytes 
coexpressing Gio-RFP with Rab11-GFP, Gio colocalized with 
Rab11, consistent with previous results with anti-Gio and anti-
Rab11 antibodies (Giansanti et al., 2007 and data not shown). 
During telophase Gio and Rab11 concentrated at the cleavage 
furrow (Fig. 3A, B), while Cog7 was excluded from the cell 
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Late telophase I stained for Tubulin (green) F-actin (red) and DNA 
(blue).  
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(A) Fixed Prophase I spermatocyte expressing GFP-Cog7 (green) 
stained for Lva (red) and DNA (blue) Arrows point to Golgi stacks. (B,  
C) Fixed anaphase (B) and telophase (C) spermatocytes expressing 
GFP-Cog7 (green) stained for DNA (blue). Arrows point to Golgi 
membranes enriched in Cog7. (D) Fixed telophase spermatocytes 
stained for Lva (red) and DNA (blue). Arrows point to Golgi membranes 
enriched in Lva. Arrowheads in C and D indiate the cell midzones. (E) 
Spermatids expressing GFP-Cog7 (green) fixed and stained for DNA 
(blue). Arrows indicate nuclei, arrowheads indicate acroblasts.  
(F) Live wild type and mutant spermatocytes expressing either GFP-Fws 
or GFP-Cog7 were imaged at the same exposure time. Arrows point to 
Golgi stacks.  
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(G) Immunoblotting analysis of GFP-Fws in wild type, GFP-Fws; 
Cog7z3-4495/+(ctrl) and Cog7 (GFP-Fws; Cog7z-5797/Cog7z-4495) mutant 
testes. Anti-Gio was used as a loading control. 
(H) Immunoblotting analysis of GFP-Cog7 in wild type, fwsz-0161/+; 
GFP-Cog7 (ctrl) and fws (fwsz-0161/fwsz-1201; GFP-Cog7) mutant testes. 
Anti-Gio was used as a loading control.  
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(A) Gio fails to concentrate at the cell equator in Cog7 telophase 
spermatocytes. Spermatocytes were stained with anti-tubulin (Green), 
anti-Gio (Red) and with DAPI (Blue). Arrows indicate the cell 
midzones. 
(B, C) Rab11 fails to localize at the cell midzone of Cog7 telophase 
spermatocytes. Spermatocytes expressing Rab11-GFP (green) from wild 
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type (B) and Cog7 males (C) were fixed and stained for DNA (Blue). 
Arrowheads indicate the cell midzones. 
(D) Co-IP of Gio with Cog7 and Rab11. GFP-Cog7 and Rab11-GFP 
were immunoprecipitated from either GFP-Cog7 or Rab11-GFP 
transgenic testes with anti-GFP (GFP trap) and blotted with anti-Gio. 
Negative control was a wild type, no transgenic stock. Left panels show 
expression controls. (E) Gio-RFP was immunoprecipitated with anti-
RFP (RFP trap) from transgenic testes expressing Gio-RFP and either 
GFP-Cog7 or Rab11-GFP. Equal fractions of testis extracts were 
incubated with either RFP-trap beads (aRFP) or with control beads 
(ctrl). Left panels show expression controls for the two fractions. (F) 
Equal fractions from Rab11-GFP testis extracts were used to test the 
specificity of the anti-RFP-beads used in E. Rab11-GFP could be 
immunoprecipitated with with anti-GFP beads (GFP trap, aGFP) but 
could not be immunoprecipitated with anti-RFP beads (RFP trap, aRFP). 
(G) Live dividing spermatocytes expressing both GFP-Cog7 (Green) 
and Gio-RFP (Red) were imaged for GFP and RFP. Gio partially 
colocalizes with Cog7 in a fraction of the Golgi membranes, at the polar 
regions of dividing spermatocytes (arrowhead). Gio-RFP is also 
enriched at the astral membranes (arrows) and the parafusorial 
membranes (double arrows) that do not contain Cog7. 
(H, I) Diagrams illustrating localization of Gio (red), Rab11 (light blue) 
and Cog7 (green) in telophase spermatocytes (H) and possible functions 
for the Cog7-Rab11-Gio network during cytokinesis (I). Astral 
membranes (AM) and parafusorial membranes (PM) in grey; CF, 
cleavage furrow. Cog7 might regulate retrograde/anterograde vesicle 
traffic between Golgi and ER astral/parafusorial membranes thus 
contributing to target Gio and Rab11 to membrane compartments (1). 
Gio provides the PI precursor for the synthesis of PI4P by Fwd on Golgi 
membranes (2). Fwd recruits Rab11 to Golgi where it becomes 
associated with organelles containing PI4P (2). Cog7 might also 
partecipate with Gio in the formation of secretory organelles that enrich 
the cleavage site (3). Rab11 and Gio might also reach the cleavage site 
through vesicle traffic from ER membranes to the CF (4).   
Bar, 10 µm. 
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6   DISCUSSION. 
 
Mutations in the gene encoding human Cog7 are associated with a 
lethal congenital disorder of glycosylation (CDG), causing 
multisystemic deficiencies including neurological, metabolic and 
anatomical abnormalities (Morava et al., 2007; Ng et al., 2007; 
Wu et al., 2004). Thus it was surprising that flies homozygous for 
null alleles of Cog7 were viable, although males were sterile and 
displayed various defects during spermatogenesis, 
Drosophila Cog7, along with the Cog5 homologue Fws, 
localized to Golgi throughout spermatogenesis. In addition Cog7 
and Fws were interdependent for localization to Golgi membranes. 
Function of Cog7, like the Cog5 homologue Fws (Farkas et al., 
2003), is essential for successful cytokinesis in Drosophila 
spermatocytes. Previous studies showed that the 
phosphatidylinositol transfer protein (PITP) Giotto/Vib (Gio/Vib) 
and the small GTPase Rab11 concentrate to the cleavage furrow 
and are both required for spermatocyte cytokinesis (Gatt and 
Glover, 2006; Giansanti et al., 2006, 2007; Polevoy et al., 2009). 
Rab11, Gio and the Phosphatidylinositol 4-kinase b (PI4Kb) Fwd 
might function in the same pathway controlling membrane 
addition to the spermatocyte cleavage site, with Gio and Fwd 
acting upstream of Rab11 (Giansanti et al., 2007). Fwd is required 
for the synthesis of PI4P on Golgi membranes and for the 
formation of Rab11-and PI4P containing organelles at the cell 
equator (Polevoy et al., 2009). Because PITPs can stimulate 
vesicle budding from the trans-Golgi network and also provide 
vesiculating activity for scission of coatomer-coated vesicles in 
vitro (Jones et al., 1998; Ohashi et al., 1995; Simon et al, 1998) 
Gio might be involved in vesicle formation. I have shown that 
localization of Gio and Rab11 to the cleavage furrow in dividing 
spermatocytes requires the wild-type function of Cog7, indicating 
that Cog7 might be an upstream component in a gio-Rab11 
pathway during cytokinesis (Figure 3I). Gio 
coimmunoprecipitates with both Rab11 and Cog7 in testes, 
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suggesting that these proteins may form a complex in male germ 
cells. Based on our results, Cog7 might be implicated in the Gio-
mediated formation of Rab11 associated secretory organelles 
which become enriched in the cleavage site during spermatocytes 
(Figure 3H, 3I). However, I cannot exclude a role for Cog7 and 
the Cog complex in the regulation of a retrograde/anterograde 
traffic between Golgi membranes and ER during cytokinesis 
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7 MATERIALS AND METHODS. 
 
The fly strain carrying sauz2217 allele was isolated in the course of a 
screen of a large collection of male sterile mutants for those affecting 
male meiotic cytokinesis and is described in Giansanti et al., 2004.  
Chromosomal deficiencies Df(2L)Exel6007, Df(2L)Exel7010 and the P 
element l(2)s5379 were obtained from the Bloomington Drosophila 
Stock Center at Indiana University (www.flybase.org).  
Flies carrying the four way stop (fws), giotto (gio), four wheel drive 
(fwd) and Rab11 mutations 
fwsZ0161, fwsZ1201, gioRM1-r7 , gioz3934, gioEP513 , Rab11 e(To)3 and Rab1193Bi and 
flies expressing GFP-Fws have been described in Farkas et al., 2003 and  
Giansanti et al., 2006. UAS::Sau-RNAi flies were from the Vienna 
Drosophila RNAi Collection (VDRC). Flies expressing Bam-GAL4 
(Chen and McKearin, 2003) were a gift of J. Wakefield (University of 
Exeter, UK). Flies expressing Rab11-GFP (Dollar et al., 2002) were a 
gift from R. S. Cohen (University of Kansas); strains expressing the 
transgenes Rab5-GFP,  Clc-GFP, Chc-RFP (Zhou et al., 2011) were a 
gift of H.C. Chang (Pardue University).  
Molecular Biology and rescue experiments. 
To generate either the GFP-Sau  or the GFP-Cog7 constructs, the EGFP 
CDS was fused in frame to the aminoterminus of the full length cDNAs 
corrisponding to CG7085 and CG31040 genes and cloned into the 
transformation vector pJZ4 (provided by G.D. Raffa, Raffa et al., 2010) 
under the control of a tubulin promoter. To generate Vps35 -mRFP or 
Vps35-Flag flies we amplified either Vps35-mRFP or Vps35 cDNA 
from plasmids obtained by Viktor Korolchuk and described in 
Korolchuk et al. 2007. Germline transformation was performed by 
Bestgene, Inc. (Chino Hills, CA).  
GFP-Sau and GFP-Cog7 were crossed respectively into the sau or Cog7 
mutant background to test for phenotypic rescue of male sterility and 
meiotic cytokinesis failures associated with sau and Cog7 mutations 
Microscopy and immunofluorescence. 
Cytological preparations were made with testes from third instar larvae. 
sauz2217/Df(2L)Exel7010 mutants were used in all the 
immunofluorescence experiments involving sau mutations.  
To visualize  tubulin with either Rab11-GFP or Sqh-GFP or to stain F-
actin with Rhodamine phalloidin (Molecular Probes) larval testes were 
fixed in 4% formaldehyde as described in Giansanti et. al. (2006). 
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Phalloidin staining was performed using the protocol described in 
Szafer-Glusman et al., 2008. For other immunostaining with testes, 
preparations were fixed using 3.7% formaldehyde in PBS and then 
squashed in 60% acetic acid according to Giansanti et al. (1999). 
Monoclonal antibodies were used to stain tubulin (T6199, Sigma-
Aldrich, diluted 1:200). Polyclonal antibodies were as follows: anti-
Myosin II (Royou et al., 2002), gift from R.E. Karess, diluted 1:400; 
rabbit anti-Lava Lamp (anti-Lva, Sisson et al., 2000) gift from O. 
Papoulas (University of Texas) diluted 1:500; rabbit anti-Gio (Giansanti 
et al., 2006) diluted 1:3000, rat anti-Rab11, gift of S. Cohen (Dollar et 
al., 2002). Secondary antibodies Alexa 555-conjugated anti rabbit IgG 
(Molecular Probes) and rhodamine/FITC-conjugated anti-mouse IgG 
(Jackson Immunoresearch, West Grove, PA), were used at 1:250 and 
1:20 respectively. In all cases slides were mounted in Vectashield 
medium with DAPI. Images were captured with a charged-coupled 
device (CCD camera, Photometrics Coolsnap HQ), connected to a Zeiss 
Axioplan, epifluorescence microscope, equipped with an HBO 100-W 
mercury lamp, and 40 X or 100 X objectives as described in Giansanti et 
al., 2006.  
Live imaging. 
Larval testes were prepared for time lapse as per Inoue et al. (2004) and 
imaged as described in Giansanti et al. (2006). Spermatocytes were 
examined with a Zeiss Axiovert 20 microscope equipped with a 100X, 
1. 25 NA and a 63X, 1.4 NA objectives and a filter wheel combination 
(Chroma Technology Corp.). Images were collected at one-minute 
intervals with a CoolSnap HQ camera (Photometrics) controlled through 
a Metamorph software (Universal imaging); eleven fluorescente optical 
sections were captured at 1-µm z steps. Movies were created using the 
Metamorph software and each frame shows the maximum-intensity 
projection of all the sections. 
Mutagenesis. 
For mutagenesis sauron cDNA (used to obtain K167A/ R170L and 
E273K mutations) I used the QuikChange® Site-Directed Mutagenesis 
Kit. The DNA constructs obtained after mutagenesis were verified by 
DNA sequencing by Bio-Fab research service. 
Protein expression and purification. 
To obtain GST fusion proteins, full-length wild type Sau-GST, K167A/ 
R170L Sau-GST and E273K Sau-GST, cDNAs were cloned in pGEX-
6p2 (GE Healthcare) in frame with the GST sequence. GST-fusion 
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proteins were expressed in Escherichia coli BL21-CodonPlus (DE3) 
cells (Invitrogen), grown in LB medium with addition of Ampicillin and 
Chloramphenicol. Protein expression was induced when cell cultures 
reached an OD600 of 0.6 by the addition of 0.3 mM IPTG and incubation 
at 37°C for 3 h. Following protein induction, bacterial cultures were 
harvested and resuspended in Lysis Buffer (10 mM Tris-Cl, 1 mM 
EDTA, 150 mM NaCl, 0,2 % Triton X-100 and protease inhibitor 
cocktail). The cells were lysed using Microson Ultrasonic Cell Disruptor 
XL.  
Generation of Anti GST-Sauron Antibody. 
Polyclonal antisera were raised against the entire protein. The protein 
GST-Sau were eluted with glutathione (Sigma). One rabbit and one 
mouse were injected at Agro-Bio (www.agro-bio.com) Services using 
standard procedures. Both antibodies were tested for specificity by 
immunoblotting and immunofluorescence. Mouse antibody S11047 and 
Rabbit antibody L11047 were used at 1:2500 and 1:1000 for 
immunoblotting and immunofluorescence, respectively. 
DNA Transfection in S2 cells. 
The DMEL strain of S2 cells was grown in Shield and Sang M3 insect 
medium (Sigma) with the addition of 10% Fetal Bovine Serum (Sigma).  
Cellfectin® II Reagent (Invitrogen) was used for efficient transfection of 
S2 cells. 3 mg of plasmidic DNA was used in each transfection 
experiments. The following plasmids were transfected: pJZ4-GFP-Sau, 
pJZ4-Flag-Vps35 and pJZ4-GFP. 
Immunoprecipitation and Western Blotting. 
For immunoblotting analysis of Sau protein or GFP-tagged proteins, 40 
adult testes from males of each genotype, were homogenized in 100ml 
of Lysis buffer (10mM Tris-HCl pH7.5, 150mM NaCl, 0.5 mM EDTA, 
0.5%NP40, 1mM PMSF, 1xProtease inhibitor Cocktail) at 4°C.  
Immunoprecipitation experiments from adult testes expressing GFP 
and/or RFP-tagged proteins, were performed using the GFP/RFP trap-A 
kits and control beads purchased from ChromoTek (Planegg-
Martinsried). At least 200 adult testes were homogenized in 500ml of 
Lysis buffer at 4°C. Lysates were cleared by centrifugation and protein 
concentration was quantified using the Bradford protein assay(Bio-Rad, 
Hercules, 94547 CA). 4% of each sample was retained as the” input”, 
the remainder was incubated with 20ml of either GFP trap-A/RFP trap-
A or control beads for two hours at 4°C. In all cases beads were washed 
three times and bound proteins were eluted by boiling in SDS sample 
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buffer. For immunoblots, samples were separated on 4%-20% SDS 
polyacrilammide precast gels (Bio-Rad) and blotted to PVDF 
membranes. Blocking and antibody incubation were in Tris-buffered 
saline (Sigma-Aldrich) with 0,05 % Tween-20 (TBST) containing 4% 
nonfat dry milk (Bio-Rad; Blotting GradeBlocker).  
Immunoprecipitation experiments for Sauron from wild type adult testes 
were performed using the Mouse anti-Sauron antibody S11047 using the 
same protocol described to immunoprecipitate GFP-tagged proteins, 
Sauron was revealed in immunoblots using the Rabbit anti Sauron, 
L11047. Primary antibodies were as follows: anti-Giotto (Giansanti et 
al., 2006) diluted 1:8000; rat monoclonal anti-RFP (Chromotek, 5F8) 
diluted 1:1000, mouse anti Sau (S11047) and rabbit anti Sau  (L11047) 
diluited 1:2500 and 1:1000 respectively , anti-GFP HRP (Vector-Lab, 
MB-0712 ) diluited 1:1000, anti Flag M2 (Sigma, F-1804) diluited 
1:1000. HRP-linked secondary antibodies (GE Healthcare) were used at 
1:5000. After incubation with the antibodies, blots were washed in 
TBST and imaged using ECL detection kit (GE Healthcare). 
Bacterial lysate were cleared by centrifugation at 400x g for 10 minutes 
at 4°C. Cleared bacterial lysates were incubated with glutatione 
sepharose 4B beads  (QIAGEN, HiCap Matrix R10) pre-equilibrated 
with Lysis Buffer a 4°C for 2 hours with continuous gentle rotation. The 
beads were than washed three times a 4°C with Lysis Buffer.  
Lipid binding assay. 
The PIP Strips (Catalog No.:  P-6001) were obtained by the company 
Echelon (Echelon Biosciences Incorporated, EBI) and used following 
the protocol described on the website www.echelon-inc.com. These 
strips consist of 2 x 6 cm hydrophobic membranes that have been 
spotted with 15 different biologically active lipids at 100 pmol per spot. 
The wild type and mutant Sau proteins, expressed following the protocol 
described above, were incubated together PIP Strips at the concentration 
suggested by Echelon. Control reagents (for testing specific lipid 
binding) G0302, G0402 and G4501 were purchased from Echelon and 
and used at the recommended concentration. To detect the bound protein 
to PIP Strips I used anti-GST antibodies conjugated with Horseradish 
peroxidase purchased from Abcam (ab3416) diluited 1:1000 and the 
ECL prime western blotting detection reagent (RPN2232) from GE 
Healthcare. Images were acquired using a ChemiDoc XRS with Image 
Lab software, Eight-bit images were exported, and figures were 
prepared using Adobe Photoshop CS4.  
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